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What is the most 
important property of  

a particle?

THE MASS!



标准模型的规范对称性

对称性⾃自发破缺	


(希格斯机制)

量⼦子电动⼒力学	


(电磁相互作⽤用)

Brout Englert Higgs
(1964)



对称性意味着“⼒力”
电磁相互作⽤用（Abelian gauge symmetry）
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杨振宁和⽶米尔斯（1954）

定域同位旋对称性
意味着有3个⽆无质量
的规范波⾊色⼦子和同
位旋耦合

对称性意味着“⼒力”
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对称性⾃自发破缺



对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

将4个城市	


联系起来	


所需的	


最⼩小路径？



对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

需要花费	


4个单位



对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

需要花费	


3个单位



对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

需要花费	
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          个单位

对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

1 +
p
3

The definition of 
Spontaneous 
Symmetry Breaking.



对称性⾃自发破缺
（具有⾼高对称性的系统的解具有较低对称性）

两种⽅方案之和还具有原始对称性



Spontaneous Symmetry Breaking
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Figure 3: A cylindrical rod bent under a force F along its symmetry axis.

4.1 An example from classical mechanics

A very simple example is provided by the problem of the bent rod. Let a
cylindrical rod be charged as in Figure 3. The problem is obviously sym-
metric under rotations around the z-axis. Let z measure the distance from
the basis of the rod, and X(z) and Y (z) give the deviations, along the x
and y directions respectively, of the axis of the rod at the point z from the
symmetric position. For small deflections the equations of elasticity take the
form:

IE
d4X

dz4
+ F

d2X

dz2
= 0 ; IE

d4Y

dz4
+ F

d2Y

dz2
= 0 (34)

where I = πR4/4 is the moment of inertia of the rod and E is the Young
modulus. It is obvious that the system (34) always possesses a symmetric
solution X = Y = 0. However, we can also look for asymmetric solutions of
the general form: X = A+Bz + Csinkz +Dcoskz with k2 = F/EI, which
satisfy the boundary conditions X = X ′′ = 0 at z = 0 and z = l. We find
that such solutions exist, X = Csinkz, provided kl = nπ ; n = 1, ... . The
first such solution appears when F reaches a critical value Fcr given by:

Fcr =
π2EI

l2
(35)

The appearance of these solutions is already an indication of instability
and, indeed, a careful study of the stability problem proves that the non-
symmetric solutions correspond to lower energy. From that point Eqs. (34)
are no longer valid, because they only apply to small deflections, and we must
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IE
d4X

dz4
+ F

d2X

dz2
= 0

IE
d4Y

dz4
+ F

d2Y

dz2
= 0

I =
⇡R4

4
E is Young Modulus

Solution:

X = C sin kz

kl = n⇡

X = Y = 01)
2)

n = 1, 2, · · ·

First solution appears when 

F > Fc =
⇡2EI

l2

solved  
by Euler



Spontaneous Symmetry 
Breaking

• There exists a critical point, i.e. a critical value of 
some external quantity which we can vary freely  

    (e.g. external force F; temperature in CMP) 

• Beyond the critical point,  
  the symmetric solution becomes unstable; 
      the ground state become degenerate. 



70 Hidden Symmetries 

Two cases, which correspond to manifest or spontaneously broken 
symmetry, can now be distinguished. If the parameter ju2 > 0, the potential 
(5.1.7) has a unique minimum at <j> = 0, as shown in Fig. 5-l(a), which 
corresponds to the vacuum state. This identification is perhaps most easily 
made in the Hamiltonian formalism. The Hamiltonian density is given by 

Jf - tu}> - £, (5.1.8) 
where 

<i> = d<& (5.1.9) 
and the canonical momentum is 

n = d&ldb. (5.1.10) 
In the case at hand we therefore have 

j f . \[{d0<j>)2 + (Vtf>)2] + V(4>). (5.1.11) 

The state of lowest energy is thus seen to be one for which the value of the 
field </> is a constant, which we denote by <$>0. The value of this constant is 
determined by the dynamics of the theory; it corresponds to the absolute 
minimum (or minima) of the potential V{<j>). We shall refer to <<£>0 as the 
vacuum expectation value of the field 4>. If the parameter n2 is positive, 
the minimum of the potential (5.1.7) is at 

<4>>o = 0. (5.1.12) 

(a) (b) 
FIG. 5-1. (a) Ordinary effective potential with a unique minimum at <j> = 0. (b) Potential with 

a degenerate vacuum, corresponding to a spontaneously broken symmetry. 
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 Nambu-Goldstone BosonNambu–Goldstone bosons

NGBs as spin waves, phonons, pions, …
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Anderson (1963)

“the Goldstone zero-mass difficulty is not a serious 
one, because we can probably cancel it off against an 
equal Yang-Mills zero-mass problem”

指出超导中的Goldstone模式会因其电磁耦合 
获得质量，并且产⽣生⼀一个纵向极化模式。

没有指出Goldstone定理的瑕疵， 
也没有探讨相对论性的理论模型

Julian Schwinger

Phil Anderson

Some hints

(1962) Photon can acquire mass
in 1+1-dimensional QED

(1963) Superconductor: massive
photon, hidden gauge symmetry.
Model for strong interactions?
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Phys. Rev. 130 (1963) 439



对称性⾃自发破缺Spontaneous symmetry breaking

Higgs    Kibble      Guralnik        Hagen       Englert    Brout† 

1964– : Goldstone theorem doesn’t apply to gauge theories!
Each would-be massless NGB joins with a would-be 

massless gauge boson to form a massive gauge boson,
leaving an incomplete multiplet of massive scalar bosons.

31

Higgs Kibble Guralnik Hagen Englert Brout

1964年：Goldstone定理并不适⽤用于规范理论

每个⽆无质量的Goldstone玻⾊色⼦子和⼀一个⽆无质量的规范玻⾊色⼦子组
成⼀一个有质量的玻⾊色⼦子，同时还产⽣生有质量的标量粒⼦子



1964年3组⼈人不约⽽而同地...

Volume 12, number 2 PHYSICS LETTERS 16 September 1964 
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well into account the radiation correction to the 
ß-decay constant found by Berman 3) and Kino- 
shita and Sirlin 4) we obtain for the muon life 
time 

Tµ=]- 3e2 i A2 
+3 e2 in 

Aß 
_3 

Mµ2 
'1) 

To02 
27T 2E 5 

µ2 
' 

where T µo is the muon life time calculated by 
means of universal theory of four fermion inter- 
action with a constant taken from ß-decay without 
any corrections, Aß is the cut off momentum due 

to the strong interactions, Aß M, E is the en- 
ergy of 0-transition. According to experimental 
data Tµ /T µ° = 0.988: 1 0.004. 

Substituting the numbers into (1) we obtain 
T µ/ Tµ=1.003 and the disagreement between 
the theory and experiment will be in our case 
1.5 * 0.4%. When discussing this result one should 
take into consideration that in (1) only the terms 

e2 In e-2 were correctly taken into account but 
the terms ^- e2 were discarded. 

It seems to us that the conclusion that in the 
theory of weak interaction with intermediate W- 

meson 0- and µ-constants must be with good ac- 
curacy the same (taking into account the correc- 
tions due to the electromagnetic and weak inter- 
actions), is in favour of the weak interaction the- 
ory with W-meson unlike the four-fermion theory. 

More detailed paper will be published else- 
where. 

The author is indebted to B. V. Geshkenbein, 
1. Yu. Kobsarev, L. B. Okun, A. M. Perelomov, 
1. Ya. Pomeranchuk, V. S. Popov, A. P. Rudik and 
M. V. Terentyev for valuable discussions. 
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BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS 

P. W. HIGGS 
Tait Institute of Mathematical Physics, University of Edinburgh, Scotland 

Received 27 July 1964 

Recently a number ofpeople have discussed 
the Goldstone theorem 1, -2): that any solution of a 
Lorentz-invariant theory which violates an inter- 
nal symmetry operation of that theory must con- 
tain a massless scalar particle. Klein and Lee 3) 

showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied that 
their considerations would apply equally wgll to 
Lorentz-invariant field theories. Gilbert 4), how- 

ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a type 
which cannot exist when Lorentz invariance is im- 
posed on a theory. The purpose of this note is to 
show that Gilbert's argument fails for an impor- 
tant class of field theories, that in which the con- 
served currents are coupled to gauge fields. 

Following the procedure used by Gilbert 4), let 
us consider a theory of two hermitian scalar fields 

132 
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BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
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(Received 26 June 1964)

It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the
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from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.
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our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik, f C. R. Hagen, f.and T. %. B. Kibble
Department of Physics, Imperial College, London, England

(Received 12 October 1964)

In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.

*This work was supported in part by the Advanced
Research Projects Agency through the Office of Naval
Research.
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troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland

(Received 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form
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电弱理论（1967）

使⽤用真空隐藏电弱对称性

An electroweak theory (1967)

Contrive a vacuum to hide EW symmetry

(need 4 new fields) 

Massive W+, W–, Z0

Massless photon

Massive Higgs boson

Steven Weinberg Abdus Salam 43

An electroweak theory (1967)
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3个有质量的规范玻⾊色⼦子 W+ W� Z0

�1个⽆无质量的规范玻⾊色⼦子
1个有质量的希格斯粒⼦子

将希格斯机制引⼊入到Glashow的轻⼦子电弱理论 
Shelton Glashow, Nucl. Phys. 22 (1961) 579
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Prize
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174 Fundamental Forces of Nature: The Story of Gauge Fields

Sheldon Glashow Steven Weinberg Abdus Salam
(1932–) (1933–) (1926–1996)

Fig. 17.2 Glashow proposed the symmetry SU(2) × U(1) for the elec-
troweak sector. Weinberg and Salam gauged it, and introduces a Higg field
to generate mass.

where W+,W− are linear comminations of W1,W2 that possess equal
and opposite electric charge. With the Weinberg angle and coupling
constants taken from experiments, the theory predicts the mass of
W± and Z:

mW = 80 GeV,
mZ = 90 GeV.

These heavy gauge photons are nearly a hundred times heavier the
proton, and makes the range of the weak force 10−15 cm, a hundred
times shorter than the nuclear scale of 10−13 cm.

17.5. Historical note

Historically, the gauge theory of the unified electroweak interaction
was the work of Sheldon Glashow, Steven Weinberg, and Abdus
Salam, carried out independently over a number of years in the
1960’s. Glashow proposed the SU(2) × U(1) group; Weinberg and
Salam gauged the symmetry and introduced the Higgs field. In 1971
Gerald ’t Hooft completed work started by Martinus Veltman to show

(1983)

(2012)
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.
We will restrict our attention to symmetry

groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.
The largest group that leaves invariant the kine-
matic terms -I-yI" 8&L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q =T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.
Therefore, we shall construct our Lagrang-

ian out of L and B, plus gauge fields A& and
B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-p. V V p, P, V P V V P P

1 1 2 —4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p
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taken very seriously, but it is worth keeping
in mind that the standard calculation' of the
electron-neutrino cross section may well be
wrong.
Is this model renormalizable? We usually

do not expect non-Abelian gauge theories to
be renormalizable if the vector-meson mass
is not zero, but our Z& and W& mesons get
their mass from the spontaneous breaking of
the symmetry, not from a mass term put in
at the beginning. Indeed, the model Lagrang-
ian we start from is probably renormalizable,
so the question is whether this renormalizabil-
ity is lost in the reordering of the perturbation
theory implied by our redefinition of the fields.
And if this model is renormalizable, then what
happens when we extend it to include the coup-
lings of A& and B& to the hadrons?
I am grateful to the Physics Department of

MIT for their hospitality, and to K. A. Johnson
for a valuable discussion.

~This work is supported in part through funds pro-
vided by the U. S. Atomic Energy Commission under
Contract No. AT(30-1)2098).
)Qn leave from the University of California, Berke-

ley, California.
~The history of attempts to unify weak and electro-

magnetic interactions is very long, and will not be re-
viewed here. Possibly the earliest reference is E. Fer-

mi, Z. Physik 88, 161 (1934). A model similar to ours
was discussed by S. Glashow, Nucl. Phys. 22, 579
(1961); the chief difference is that Glashow introduces
symmetry-breaking terms into the Lagrangian, and
therefore gets less definite predictions.
2J. Goldstone, Nuovo Cimento 19, 154 (1961); J. Gold-

stone, A. Salam, and S. Weinberg, Phys. Rev. 127,
965 (1962).
3P. W. Higgs, Phys. Letters 12, 132 (1964), Phys.

Rev. Letters 13, 508 (1964), and Phys. Rev. 145, 1156
(1966); F. Englert and R. Brout, Phys. Rev. Letters
13, 321 (1964); G. S. Guralnik, C. R. Hagen, and T. W.
B. Kibble, Phys. Rev. Letters 13, 585 (1964).
See particularly T. W. B. Kibble, Phys. Rev. 155,

1554 (1967). A similar phenomenon occurs in the
strong interactions; the p-meson mass in zeroth-order
perturbation theory is just the bare mass, while the
A.

& meson picks up an extra contribution from the spon-
taneous breaking of chiral symmetry. See S. Weinberg,
Phys. Rev. Letters 18, 507 (1967), especially footnote
7; J. Schwinger, Phys. Letters 24B, 473 (1967);
S. Glashow, H. Schnitzer, and S. Weinberg, Phys. Rev.
Letters 19, 139 (1967), Eq. (13) et seq.
~T. D. Lee and C. N. Yang, Phys. Rev. 98, 101 (1955).
6This is the same sort of transformation as that

which eliminates the nonderivative 7t couplings in the
a model; see S. Weinberg, Phys. Rev. Letters 18, 188
(1967). The 7t reappears with derivative coupling be-
cause the strong-interaction Lagrangian is not invari-
ant under chiral gauge transformation.
7For a similar argument applied to the 0 meson, see

Weinberg, Ref. 6.
R. P. Feynman and M. Gell-Mann, Phys. Rev. 109,

193 (1957).

SPECTRAL-FUNCTION SUM RULES, ('d-p MIXING, AND LEPTON-PAIR
DECAYS OF VECTOR MESONS*

R. J. Oakest
Brookhaven Nationa1. Laboratory, Upton, New York

J. J. Sakurai
The Enrico Fermi Institute for Nuclear Studies and the Department of Physics,

The University of Chicago, Chicago, Dlinois
(Received 18 October 1967)

Within the framework of vector-meson dominance, the current-mixing model is shown
to be the only theory of ~-y mixing consistent with Weinbeig's first sum rule as applied
to the vector-current spectral functions. Relations among the leptonic decay rates of p,
(d, and y are derived, and other related processes are discussed.

We begin by considering VFeinberg's first sum rule' extended to the (1+8) vector currents of the
eightfold way:

fdm [m p ' '(m )+p ' '(m )]=85 +S'5 5 0,

Weinberg乌⻰龙引⽤用
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Physical Processes in a Convergent Theory of the %leak
and Electromagnetic Interactions*

Steven Weinberg
Laboratory for Nuclear Science and DePartment of Physics, Massachusetts Institute of

Technology, Cambridge, Massachlsetts 08139
(Received 20 October 1971)

A previously proposed theory of leptonic weak and electromagnetic interactions is
found to be free of the divergence difficulties present in conventional models. The exper-
imental implications of this theory and its extension to hadrons are briefly discussed.

Several years ago I proposed a unified theory' of the weak and electromagnetic interactions of lep-
tons, and suggested that this theory might be renormalizable. This theory is one of a general class of
models which may be constructed by a three-step process'. (A) First write down a Lagrangian obeying
some exact gauge symmetry, in which massless Yang-Mills fields interact with a multiplet of scalar
fields' and other particle fields. (B) Choose a gauge in which all the scalar field components vanish,
except for a few (in our case one) real scalar fields. (C) Allow the gauge group to be spontaneously
broken by giving the remaining scalar field a nonvanishing vacuum expectation value. Redefine this
field by subtracting a constant A. , so that the "shifted" field y has zero vacuum expectation value. In
the resulting perturbation theory, all vector mesons acquire a mass, except for those (in our case,
the photon) associated with unbroken symmetries.
In the proposed theory, this procedure was applied to the gauge group SU(2)~ 8 I', and resulted in a

model involving electrons, electron-type neutrinos, charged intermediate bosons (W„), neutral inter-
mediate bosons (Zp), photons (+p), and massive neutral scalar mesons ((p), with an interaction of the
form

„„,[gz" gx"-][w~(s„w„' —s„w„') w»—(s„w„e„w-,)+ s~(w„w„t w„w„t)]g+g

„w„w„'(gz, gw, )(g-z. gw. )(~-~"q& q»q-)—+ [~w„w—~~'- (w„w») ]

+F(y) — 'gee ——,
' (y'+ X2y)[( g' +g")Z„Z"+2g'W„w»]

egg p 1g p 1 +/5 y zg p 1 ++~+
( 2 q2)~IP FP 8A P+ ~~ PP 2 ew~ + ~e'j/ ' PW~.

Here E(y) is a fourth-order polynomial in y (cho-
sen so that (y), =0), andg and g' are independent
coupling constants. The electronic charge e
weak coupling constant G, and vector meson
masses are given by the formulas

e=gg'l(g'+g")", GI~2=-'y'„ (2)
=&(g'+g")"I2. (3)

At the time that this theory was proposed, its
renormalizability was still a matter of conjec-
ture. It is well known that the Yang-Mills theory
with which we start in step A above is indeed re-
normalizable if quantized in the usual way. How-
ever, the shift of the scalar field performed in
step C amounts to a rearrangement of the pertur-

bation series, so that the S matrix calculated in
perturbation theory corresponds to a representa-
tion of the algebra of field operators inequivalent
to that with which we started in step A. There is
no obvious way to tell that renormalizability is
preserved in this shift.
Recently several studies have indicated that

various models of this general class actually are
renormalizable. By choosing a different gauge in
step 8, 't Hooft' derived effective I agrangians
which appear manifestly renormalizable, but
which involve fictitious massless scalar mesons
of both positive and negative norm. Subsequently,
Lee' showed in one case that the renormalization
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8 +e -@"+~ .—Because the W has an "anom-
alous" magnetic moment, the electromagnetic
pair-production amplitude' grows like E as E—~.
Further, the neutrino t-channel and Z s-channel
exchange diagrams do not cancel here, so that
the weak pair-production amplitude also grows
like E. However, the sneak and electromagnetic
amplitudes cancel each other us E-~, leaving a
scattering amplitude which vanishes like I/E as
E—~, as required by unitarity bounds. This co-
operation between the weak and electromagnetic
interactions in solving each other's problems is
one of the most satisfying features of this theory.
The weak and electromagnetic interactions of

the leptons appear to be in good shape, so let us
consider how to incorporate the hadrons. In or-
der to preserve renormalizability, it is neces-
sary to couple Z, S', and A. to the currents of an
exact SU(2)1, U(l) symmetry of the strong-inter-
action Lagrangian. This poses a problem, be-
cause, apart from any spontaneous symmetry-
breaking mechanisms responsible for the baryon
masses, it is usually presumed that the nonzero
masses of the m and K arise from an intrinsic
breaking of SU(2) SSU(2) or SU(3) IRSU(3). The
only way that I can see to save renormalizability
is to suppose instead that the m' and K masses
arise from the same purely spontaneous symme-
try-breaking mechanism responsible for the W
and Z masses. The problem then is whether it is
natural for the strong interactions to conserve
parity and isospin.
Leaving aside strange particles, the simplest

way to couple the scalar doublet' (p', y'+A. ) of
our model to the hadrons is to find some (&, z)
SU(2) 8SU(2) multiplet (o', f) of hadronic field op-
erators, and write an SU(2)~-invariant interac-
tion,

—if@'"(m, —iw, )+f((p't+X)(cr+f~, )+H.c.
The rest of the strong-interaction Lagrangian is
assumed to conserve SU(2)s as well as SU(2)z,
so by an SU(2)& rotation we can define o and Pr so
that f is real. After eliminating cp+ and Imcp in
step B, the only remaining symmetry-breaking
term is 2f(A. +y)a, which does conserve parity
and isospin. Thus the spontaneous symmetry
breaking of the weak interactions can act as a
seemingly intrinsic symmetry-breaking mecha-
nism for the strong interactions, which in turn is
amplified if 0 develops a large vacuum expecta-
tion value. A particularly attractive aspect of
this approach is that the requirement of renor-
malizability provides the rationale for the con-

servation or partial conservation of the hadronic
weak currents.
The most direct verification of this theory

would be the discovery of W's and Z's with the
predicted properties. However, the lower limits
on mw and ~z are, respectively, Xe/2=37. 3 GeV
and A.e =74.6 GeV, so this discovery will take a
while. " The most accessible effect of the Z's is
to change the cross sections for scattering of
neutrinos and antineutrinos on electrons. We
know nothing about the ma, ss of the scalar meson
p, but its field might contribute to the level
shifts in muonic atoms. Higher-order weak in-
teractions produce various "radiative" correc-
tions, ~ncludxng a change of order Gm~' zn the gy-
romagnetic ratio of the muon. " The extension of
this theory to strange particles appears to re-
quire both strangeness-changing and strangeness-
conserving neutral hadronic currents, but the
former can be eliminated in an SU(4) SSU(4)-in-
variant model. " These matters will be dealt with
at greater length in future papers.
I am deeply grateful to Francis Low, both for

his indispensable advice and encouragement dur-
ing the course of this work, and also for discus-
sions over the last several years on the diver-
gence difficulties of the weak interactions.
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匪夷所思的巧合

时间提前到1964年1⽉月份!!!



Immediate Impact of 
Weinberg’s Work in 1967
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1970年，1次 
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1973年，162次
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Why so?
1) 场论在⾛走下坡路    —>  读者少 
2) Salam和Weinberg都集中在轻⼦子部分 
  (有关的实验数据很少) 
3) GIM(1970)机制还没有提出 
         ⽆无法解释             过程 
4) 量⼦子辐射修正发散（重整化）没有解决

�S = 1



量⼦子电动⼒力学（QED）
拉格朗⽇日量：

L =  ̄ (i�µDµ �m) 

=  ̄ (i�µ@µ �m) � qAµ ̄�
µ �1

4
Fµ⌫F

µ⌫
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µ⌫

可精确求解 不可精确求解

微扰求解
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量⼦子⼒力学⼆二阶微扰项
=
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收敛性：
D
 
(0)
i |ĤI | (0)

a

E
1)                   很⼤大，导致对各态 
    求和不收敛

2)       能级附近存在许多（或连续的） 
     能级满⾜足                     ，从⽽而导致 
     对各态求和不收敛

——>  紫外发散
Ea

|Ei � Ea| ⇠ 0

——>  红外发散



重整化
QED: 微扰展开计算中的⽆无穷⼤大问题
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Bare vertex Radiative correction

e0

e0 e0

Fig. 12.1 The bare vertex represents a basic element in Feynman di-
agrams, at which an electron emits or absorbs a photon. The radiative
correction gives it structure, and contributes to the “anomalous magnetic
moment” of the electron.

e0 e0

Electron propagator
Radiative correction

(Self-energy)

Fig. 12.2 Radiative corrections to the electron propagator describe self-
interaction that contributes to mass renormalization.

interaction occurs at one point, the correction smears it out over a
region.

There are higher order diagrams that will improve the accuracy of
the calculation. When all possible Feynman diagrams are included,
the electron is seen to emit a photon from within a “blob”, which
contains the electron’s structure endowed by QED. Attributes of the
structure include the “anomalous magnetic moment” that we shall
describe later.

12.3. Self-energy

Figure 12.2 shows the “bare” propagator of the electron, which is
represented by a directed line, and is a building block of Feynman
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interaction occurs at one point, the correction smears it out over a
region.

There are higher order diagrams that will improve the accuracy of
the calculation. When all possible Feynman diagrams are included,
the electron is seen to emit a photon from within a “blob”, which
contains the electron’s structure endowed by QED. Attributes of the
structure include the “anomalous magnetic moment” that we shall
describe later.

12.3. Self-energy

Figure 12.2 shows the “bare” propagator of the electron, which is
represented by a directed line, and is a building block of Feynman

“整个30年代，物理学界共识是，量⼦子场论并不被看好。它可能有⽤用，
但只是权宜之计，需要添加全新的东⻄西才能使它说的通。”
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Photon propagator Radiative correction
(Vacuum polarization)

e0 e0

Fig. 12.3 Vacuum polarization: a propagating photon can momentarily
materialize into a virtual electron–positron pair, thus producing charge sep-
aration in the vacuum.

diagrams. Physically it describes the probability amplitude that an
electron created at point A can reach point B.

The radiative correction to the bare propagator involves the emis-
sion and absorption of a virtual photon by an electron. This cor-
responds to self-interaction of the electron. This and higher order
corrections lead to a “full” propagator that describes a “dressed”
electron.

The bare propagator contains the bare mass, a parameter in the
QED Hamiltonian. The radiation corrections yield a “self-energy”
corresponding to a mass correction:

Physical mass = (Bare mass) + (Self-mass).

This formula expresses what is known as mass renormalization.

12.4. Vacuum polarization

Photon self-energy graphs are shown in Fig. 12.3. In the lowest or-
der correction to the unperturbed propagator, the photon creates
a virtual pair from the vacuum, which annihilates, re-emitting the
photon. The momentary charge separation endows the vacuum with
a distribution of induced electric dipole moments, and the process is
called “vacuum polarization”.

The photon mass cannot change, because it is kept at zero by
gauge invariance. The chief effect of vacuum polarization is to alter
the electron’s charge distribution as seen by an external probe. It
leads to charge renormalization, as discussed below.



QED重整化
• 20世纪40年代后期才消除QED理论中的不健全之处 

 Feynman, Schwinger, Tomonaga分别提出重整化思想 

 1949年Dyson证明他们三种⽅方案是等价的

1965 Nobel Dyson
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Ĥ0t
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−i Ĥ0ti
! ei
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Muon g-2
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Toichiro Kinoshita (1925–)

Fig. 12.10 Toichiro Kinoshita, whose life work culminated in the calcu-
lation of the electron anomalous moment to 8th order. The result agrees
with experiment to a precision of one part in a trillion.

Here are the historical theoretical results, with year of publication
and number of Feynman diagrams computed:4

1
2gtheory = 1 (a) 1928 (Dirac equation)

+ (α/2π) (b) 1949 (1 diagram)
−0.32848 (α/π)2 (c) 1958 (18 diagrams)
+ (1.195 ± 0.026) (α/π)3 (d) 1974 (72 diagrams)
− (1.7283 (35)) (α/π)4 + (Non-QED) (e) 2006 (891 diagrams).

The non-QED contribution arises from the weak and strong interac-
tions. This result is so precise that, through comparison with exper-
iment, one can obtain the most accurate determination of the fine
structure constant so far:

1
α

= 137.035999710(96) .

4(a) From Dirac equation; (b) J. Schwinger, Phys. Rev. 75, 651 (1949); (c) C. M.
Summerfield, Ann. Phys. (NY ) 5, 26 (1958); (d) P. Cvitanovic and T. Kinoshita,
Phys. Rev. D 10, 4007 (1974); (e) T. Kinoshita and M. Nio, Phys. Rev. D 73,
013003 (2006).
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Complete Tenth-Order QED Contribution to the Muon g ! 2
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We report the result of our calculation of the complete tenth-order QED terms of the muon g! 2. Our
result is að10Þ! ¼ 753:29 (1.04) in units of ð"=#Þ5, which is about 4.5 s.d. larger than the leading-

logarithmic estimate 663(20). We also improve the precision of the eighth-order QED term of a!,
obtaining að8Þ! ¼ 130:8794 (63) in units of ð"=#Þ4. The new QED contribution is a!ðQEDÞ ¼
116 584 718 951 ð80Þ % 10!14, which does not resolve the existing discrepancy between the standard-

model prediction and measurement of a!.

DOI: 10.1103/PhysRevLett.109.111808 PACS numbers: 13.40.Em, 12.20.Ds, 14.60.Ef

The anomalous magnetic moment a! of the muon has
been studied extensively both experimentally and theoreti-
cally since it provides one of the promising paths in
exploring possible new physics beyond the standard model.
For this purpose it is crucial to know the prediction of the
standard model as precisely as possible.

On the experimental side the current world average of
the measured a! is [1,2]:

a!ðexpÞ ¼ 116 592 089 ð63Þ % 10!11 ½0:5 ppm': (1)

New experiments designed to improve the precision further
are being prepared at Fermilab [3] and J-PARC [4].

In the standard model, a! can be divided into electro-
magnetic, hadronic, and electroweak contributions

a! ¼ a!ðQEDÞ þ a!ðhadronicÞ þ a!ðelectroweakÞ: (2)

At present a! (hadronic) is the largest source of theoretical
uncertainty. The uncertainty comes mostly from the Oð"2Þ
hadronic vacuum-polarization (v.p.) term, " being the
fine-structure constant. The lattice QCD simulations
have attempted to evaluate this contribution [5–10]. At
present, most accurate evaluations must rely on the
experimental information. Three types of measurements
are available for this purpose: (1) eþe! ! hadrons,
(2) $) ! %þ #) þ #0, (3) eþe! ! &þ hadrons.
These processes have been investigated intensely by
many groups [11–13]. We list here one of them [13]:

a!ðhad:v:p:Þ¼6949:1ð37:2Þexpð21:0Þrad%10!11; (3)

which overlaps other values based on the eþe! data [11,12]
and makes the standard-model prediction closest to the
experiment (1). The next-to-leading-order (NLO) hadronic
vacuum-polarization contribution is also known [13]:

a!ðNLO had:v:p:Þ ¼ !98:4ð0:6Þexpð0:4Þrad % 10!11: (4)

The hadronic light-by-light scattering contribution (l-l) is
of similar size as a! (NLO had.v.p.), but has a much larger
theoretical uncertainty [14–17]

a!ðhad:l-lÞ ¼ 116ð40Þ % 10!11; (5)

where the uncertainty 40% 10!11 covers almost all values
obtained in different publications.
The electroweak contribution has been calculated up to

2-loop order [18–21]:

a!ðweakÞ ¼ 154ð2Þ % 10!11: (6)

Since this uncertainty is 30 times smaller than the experi-
mental precision of (1), it can be regarded as known
precisely.
The primary purpose of this letter is to report the com-

plete numerical evaluation of all tenth-order QED contri-
bution to a!. It leads to a sizable reduction of the
uncertainty of the previous estimate by the leading-log
approximations [22,23]. We have also improved the nu-
merical precision of the eighth-order QED contribution
including the newly evaluated tau-lepton contribution.
Together they represent a significant reduction in the theo-
retical uncertainty of the QED part of a!.
The QED contribution to a! can be evaluated by the

perturbative expansion in "=#:

a!ðQEDÞ ¼
X1

n¼1

!
"

#

"
n
að2nÞ! ; (7)

where að2nÞ! is finite thanks to the renormalizability of QED
and can be written as

að2nÞ! ¼ Að2nÞ
1 þ Að2nÞ

2 ðm!=meÞ þ Að2nÞ
2 ðm!=m$Þ

þ Að2nÞ
3 ðm!=me;m!=m$Þ: (8)
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量⼦子场论⼤大萧条
1949年后的⼏几年内，因为QED理论的极⼤大成功，⼈人们
对量⼦子场论的热情处于发烧状态。许多理论物理学家都
认为很快就会完全理解所有的微观现象，不仅仅限于光
⼦子、电⼦子和正电⼦子⽽而已。 

!

然⽽而不久，这种信⼼心就崩溃了——量⼦子场论的股票在物
理学股市上⼤大跌，并因此进⼊入第⼆二轮熊市。不幸的是，
这次⼤大萧条持续了近20年。



1971-72年
t’Hooft 和 Veltman证明电弱理论的可重整化性

1972年在费⽶米实验室举办的⾼高能物理会议上，电弱理
论部分的报告⼈人B. W. Lee，⾸首次提出“Higgs meson”。

1999 
Nobel 
Prize



Benjamin W. Lee
规范场论的传道者（1935-1977）

David Politzer (2004 Nobel Lecture)：!
! “ the particle physicists community at ! ! !
!   that time learned all from Lee who !
!   actually combined insights from his ! !
!   own work and from Russian physicists' !
!   work and encouraged 't Hooft's paper.”

http://en.wikipedia.org/wiki/David_Politzer


1974年Rochester⼤大会
（ICHEP会议前⾝身）

当时的新物理模型（标准模型）还不是主流

两⼤大议题：⾼高能强相互作⽤用物理学和共振态物理学

1. ⾼高能强相互作⽤用（280⻚页） 
2. 共振态物理（199⻚页） 
3. 弱相互作⽤用和统⼀一理论（115⻚页） 
4. 轻⼦子-轻⼦子相互作⽤用和轻⼦子-强⼦子相互作⽤用（173⻚页） 
5. ⼤大横动量反应（80⻚页）

Regge Theory
组分夸克模型

* ⼤大部分都是实验⽂文章



Standard Model shining  
after the revolution  
on November 1974  
(charm discovery)



How to build up the SM?
5 Building the STANDARD MODEL: A five step

programme

In this section we shall construct the Standard Model of electro-weak inter-
actions as a spontaneously broken gauge theory. We shall follow the hints
given by experiment following a five step programme:

• Step 1: Choose a gauge group G.
• Step 2: Choose the fields of the “elementary” particles and assign

them to representations of G. Include scalar fields to allow for the Higgs
mechanism.

• Step 3: Write the most general renormalisable Lagrangian invariant
under G. At this stage gauge invariance is still exact and all gauge vector
bosons are massless.

• Step 4: Choose the parameters of the Higgs potential so that sponta-
neous symmetry breaking occurs.

• Step 5: Translate the scalars and rewrite the Lagrangian in terms of
the translated fields. Choose a suitable gauge and quantise the theory.

A remark: Gauge theories provide only the general framework, not a
detailed model. The latter will depend on the particular choices made in
steps 1) and 2).

5.1 The lepton world

We start with the leptons and, in order to simplify the presentation, we shall
assume that neutrinos are massless. We follow the five steps:

• Step 1: Looking at the Table of Elementary Particles we see that, for
the combined electromagnetic and weak interactions, we have four gauge
bosons, namely W±, Z0 and the photon. As we explained earlier, each one
of them corresponds to a generator of the group G. The only non-trivial
group with four generators is U(2) ≈ SU(2)× U(1).

Following the notation which was inspired by the hadronic physics, we
call Ti, i = 1, 2, 3 the three generators of SU(2) and Y that of U(1). Then,
the electric charge operator Q will be a linear combination of T3 and Y . By
convention, we write:

Q = T3 +
1

2
Y (55)

The coefficient in front of Y is arbitrary and only fixes the normalisation

27

1305.6779



Intermediate Vector Bosons

We know that one gauge field is associated with a 
generator of gauge group. 

W+, W-, Z, gamma 4 generators

The simplest one is 

SU(2)L ⇥ U(1)Y

Gauge invariance requires the introduction of vector bosons, 
 which act as quanta of new interactions. In gauge theories 
the symmetries prescribe the interactions.



The Quark and Lepton Lagrangian

• BP is the spin-one field needed to maintain the U(1) gauge invariance. g1 is 
the coupling strength (to be measured experimentally. Y is the generator of 
U(1), transformations, a constant, but in principle different for the different 
fermions.

• Analogous remarks describe the SU(2) and SU(3) terms. We introduce 3 
and, respectively, 8 vector bosons which are needed to maintain the local 
gauge invariance. 

• DP gives a zero result when it acts on a term of different matrix form. For 
example           is a 2u2 matrix in SU(2) and it gives zero acting on eR, uR ,dR.
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标准模型的物质场

40
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The Standard Model
In order to be gauge invariant, that is: unaffected by 
the symmetry transformation of SU(2)xU(1), all the 
terms in the Lagrangian must carry no net quantum 
numbers.

e� ! ⌫eW
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 ̄L�
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µ · ⌧
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2
 L

✓
⌫
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L

Weak isospin:
T3(e

�) ! T3(⌫e) + T3(W )
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2
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The Neutral Current

Electromagnetic interaction of particles of charge Q:

There are terms involving neutrinos

We assume the the electromagnetic field  AP is the orthogonal combination:
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Terms involving electrons:

The term in AP must be the usual electromagnetic current. 
The term in ZP can be an additional interaction, to be checked experimentally. 
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We can choose YL=-1, since any
change in YL can be absorbed by
a redefinition of g1.

The theory we have been writing can be interpreted to contain the usual
electromagnetic interaction, plus an additional neutral current interaction 
with ZP for both electrons and neutrinos.
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Define:
TW weak mixing angle
(Weinberg angle)

g1 and g2 are written in terms of the known e (e2/4S|1/137)
and the electroweak mixing angle, which needs to be measured
or calculated some other way.
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Q-Z Coupling

W

g
Tcos2
2 quantity to be associated to each QL-Z vertex. 

“electroweak charge” of the left-handed neutrino.
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The Charged Current
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The U(1) part of the Lagrangian contains only terms diagonal in the 
fermions, whereas the SU(2) part has also non diagonal terms.

charged current

V-A interaction

We thus expect  Wr bosons and the associated charged current
transitions. The observed charged currents occur with a strength much
smaller than one would expect:



Higgs Mechanism in the SM

▪  To generate MW and MZ
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▪ The cause of Electroweak Symmetry Breaking 
                        
▪ The origin of Flavor Symmetry Breaking 

(MW = 80 GeV, MZ = 91 GeV)

(Quarks and Leptons have diverse masses.)
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标准模型的希格斯机制
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2) Why does it take such a long time 
    to observe the spin-0 particle?

1) Why are we not anxious when LEP  
   & Tevatron missed the Higgs boson?



Footprint of Higgs BosonFootprint of Goldstone Bosons

• Equivalence theorem: 

unphysical
Goldstone boson

Longitudinal polarized 
massive gauge boson

At the rest frame of gauge boson:
three polarization states
are equivalent.

k  m 0 0 0� �
H1  0 1 0 0� �
H2  0 0 1 0� �
H3  0 0 0 1� �

In the high energy limit:
Longitudinal polarization state
is distinctive.
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Theoretical Bound of Higgs Boson Mass
• Imaginary experiment:

Longitudinal gauge boson scattering cross section at high energy 
grows with MH

v a E
2

MW
2 � finite term

v �a E
2

MW
2 � finite term

Theorem:
The only way to unitarize
amplitude is by
a scalar Higgs boson

WL
�WL

� oWL
�WL

�



Theoretical Bound of Higgs Boson Mass

• Unitarity

For any       elastic scattering, 

one can make the partial wave decomposition: 

Therefore,

Optical theorem:
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Theoretical Bound of Higgs Boson Mass

For                            , WL
�WL

� oWL
�WL

�

a0  �
MH

2

16Sv2 2 �
MH

2

s � MH
2 �

MH
2

s
log 1�

s
MH

2

§
©̈

·
¹̧

ª

¬
«

º

¼
»

�
s � MH

2 ,  a0 o �
MH

2

8Sv2

Re(a0 ) �
1
2

  �o�   MH � 870 GeV

� If there is no Higgs boson observed, 
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New physics expected at TeV scale (LHC)

Best constraints
are derived from
coupled channels:
WW, ZZ, HH, HZ.



Why so difficult to see Higgs boson?
• The direct search of Higgs boson is negative due to many reasons 

(theoretical uncertainties, copious backgrounds, etc.), 
but why can we not see it  from the quantum corrections?

H
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• Screening theorem (Veltman 1977):
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Radiative corrections which are dependent on 
the Higgs mass are of form,

Low energy observables are relatively insensitive to MH .

Deeper understanding of the source of this screening 
cf. M.B. Einhorn and Jose Wudka, PRD39 (1989) 2758.

Strong interaction
for large mH



Summary



Theory (1970-1975):  All fundamental  subatomic particles can be 
understood  as  the  energy  quanta  of  fields: 
  -  vector  fields:  spin 1  particles  
  -  spinor  fields:  Dirac  particles  with  spin ½     
  -  scalar  fields:  spin  0  particles 

These  fields  interact.  Particles  interact. 
Due  to  these  interactions,  they  tend  to  accumulate  infinite  
amounts  of  energy:  hence  infinite mass !

Spin = angular  momentum

Unless  there  is  some  protection  mechanism,   
  keeping  the  mass = 0 ,  

spinning  particles,  interacting  with  vector  fields,  enjoy  such  a  
protection  mechanism !  

t’Hooft @ PKU (2014)



Helicity   = 
!
spin  along  
axis  parallel  
to  motion

Helicity  has  to  flip

Massless  particle:  always  goes  with  speed  of  light

Particle  with  mass:      always  goes  slower

t’Hooft @ PKU (2014)



The  electromagnetic  force  and  the  weak  force  
cannot  flip  the  helicity  of  a  particle,   so  

These  forces  cannot  generate  mass !!

When  a  force  acts  differently  on  particles  with 
Left-helicity  and  right  helicity,  then

Mass  is  forbidden !!

This  is  why  electrons,  neutrinos,  quarks  should  
all  be  strictly  massless …

But  they  do  have  mass !!

t’Hooft @ PKU (2014)



Particle  with  mass

                A  particle  that  can  vanish  
                 into  empty  space:   
                the  Higgs  particle. 
It  carries  away  the  weak  charges  that  determine  
the  effects  of  the  weak  forces.

Now  the  helicity  can  flip !!

t’Hooft @ PKU (2014)
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